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ABSTRACT 
 
Stoichiometry and stability of antitumor ruthenium(II)−η6-p-cymene complexes of bidentate 
(O,O) hydroxypyrone and (O,S) hydroxythiopyr(id)one type ligands were determined by pH-
potentiometry, 1H NMR spectroscopy and UV−Vis spectrophotometry in aqueous solution 
and in dependence of chloride ion concentration. Formation of mono-ligand complexes with 
moderate stability was found in the case of the hydroxypyrone ligands (ethyl maltol and 
allomaltol) predominating at the physiological pH range. These complexes decompose to the 
dinuclear tri-hydroxido bridged species [{RuII(η6-p-cymene}2(OH)3] and to the metal-free 
ligand at basic pH values. In addition, formation of a hydroxido [RuII(η6-p-cymene)(L)(OH)] 
species was found. The hydroxythiopyr(id)one ligands (thiomaltol, thioallomaltol, 3-hydroxy-
1,2-dimethyl-thiopyridone) form complexes of significantly higher stability compared with 
the hydroxypyrones; their complexes are biologically more active, the simultaneous bi- and 
monodentate coordination of the ligands in the bis complexes (ML2 and ML2H) was also 
demonstrated. In the case of thiomaltol, formation of tris complexes is also likely at high pH. 
The replacement of the chlorido by the aqua ligand in the [RuII(η6-p-cymene)(L)(Cl)] species 
was monitored, which is an important activation step in the course of the mode of action of 
the complexes, facilitating binding to biological targets.  
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1. Introduction 
 
Anticancer metallodrug research has been initiated by the discovery and clinical success of 
cis-diamminedichloridoplatinum(II), cisplatin. However, the limited activity, adverse effects 
and resistance phenomena of the Pt-based drugs in the clinics are well known, which justifies 
the development and evaluation of other types of metal complexes with anticancer activity. 
The two Ru(III) complexes imidazolium trans-[tetrachlorido(dimethylsulfoxide)(1H-
imidazole)ruthenate(III)] (NAMI-A) and sodium trans-[tetrachloridobis(1H-
indazole)ruthenate(III)] (KP1339) are currently undergoing clinical trials with promising 
results [1-3]; however, antitumor properties of Ru complexes were already reported in the 
1950s [4]. In the last decade, numerous organometallic ruthenium(II)-6-arene complexes 
mainly with piano-stool structure were synthesized and tested in in vitro assays regarding 
their bioactivity. In these RuII complexes the facial arene moiety results protects the metal 
center against oxidation. A large number of [RuII(6-p-cymene)(XY)Cl]-type compounds was 
prepared, where XY is an (O,O), (O,S), (O,N), (N,N) or (N,S) bidentate ligand [5-12]. The 
chloride ligand acts a leaving group and its replacement by a water molecule facilitates the 
reaction with biological targets. Although, the ultimate biotarget of these [RuII(6-p-
cymene)(XY)Cl] complexes is still unclear [13,14], DNA is considered to be a potential 
intracellular target [9,15].  
RuII(arene)Cl complexes can be regarded as prodrugs and it is a prerequisite to follow 
their speciation in biological fluids for a better understanding of the pharmacokinetic 
properties and the mechanism of action. Equilibrium studies are a first approach to 
characterize their properties in aqueous solution. The substitution of original chelating ligands 
by endogenous biomolecules has a major impact on the integrity of the complexes and their 
presence in the biologically active form fundamentally depends on the thermodynamic 
stability and kinetic inertness/lability. Only little information is available in the literature 
about the solution speciation of ruthenium(II)-6-arene complexes: on the formation of 
complexes with bidentate (O,O) ligands was studied [16] and pKa values of the coordinated 
water molecule in [RuII(6-p-cymene)(XY)(H2O)] species were determined for several XY 
bidentate ligands [5,17-19]. Complexes of hydroxypyrones (such as the well-known 3-
hydroxy-2-methyl-4H-pyran-4-one (maltol)) show only moderate cytotoxicity on various 
cancer cell lines as compared with the more active (O,S) type complexes of 
hydroxythiopyrones [5]. In order to establish structure-stability-activity relationships the 
characterization of the stability of these complexes, the knowledge of the speciation and the 
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most plausible chemical forms in aqueous solution is mandatory. Therefore, we performed 
detailed pH-potentiometric, UV-Vis spectrophotometric and 1H NMR spectroscopic 
measurements to investigate the stoichiometry and stability of the [RuII(6-p-cymene)] 
complexes of hydroxypyrone (2-ethyl-3-hydroxy-4-pyranone (ethyl maltol), 5-hydroxy-2-
methyl-4H-pyran-4-one (allomaltol)) and hydroxythiopyr(id)one (3-hydroxy-2-methyl-4-
thiopyrone (thiomaltol), 5-hydroxy-2-methyl-4-thiopyrone (thioallomaltol), 3-hydroxy-1,2-
dimethyl-thiopyridone (thiodhp) ligands (Chart 1). The chlorido/aqua co-ligand exchange 
reaction in the [RuII(6-p-cymene)(L)(Cl)] species was also monitored. Stability constants of 
the complexes were determined in the presence and in the absence of chloride ions. 
Chart 1 
 
   
2. Experimental 
 
2.1. Chemicals 
 
Ethyl maltol, KCl, KNO3, AgNO3, HCl, HNO3 and KOH were purchased from Sigma-Aldrich 
and used without further purification. Allomaltol [20], thiomaltol [21], thioallomaltol [22] and 
thiodhp [21] were prepared according to literature procedures. The purity of the ligands was 
checked and the exact concentration of the ligand stock solutions was determined by pH-
potentiometric titrations with the help of the computer program HYPERQUAD [23]. [RuII(6-
p-cymene)Cl2]2 was synthesized and purified according to a literature procedure [24]. A stock 
solution of [RuII(6-p-cymene)Z3] (where Z = H2O and/or Cl
-; charges are omitted for 
simplicity) was obtained by dissolving a known amount of [RuII(6-p-cymene)Cl2]2 in water, 
while the stock solution of [RuII(6-p-cymene)(H2O)3](NO3)2 was obtained from a solution of 
[RuII(6-p-cymene)Cl2]2 in water after removal of chloride ions using equivalent amounts of 
AgNO3. The exact concentration of the [Ru
II(6-p-cymene)Z3] stock solutions (with or 
without chloride) was determined by pH-potentiometric titrations employing literature data 
for [Ru2(
6-p-cymene)2(hydroxido)i] (i = 2 or 3) complexes [16,25].  
  
2.2. pH-potentiometric measurements 
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The pH-potentiometric measurements for determination of the protonation constants of the 
ligands and the overall stability constants of the metal complexes were carried out at 25.0 ± 
0.1 °C in water and at an ionic strength of 0.20 M KCl (for all the systems studied) or KNO3 
(in the case of ethyl maltol) in order to keep the activity coefficients constant. The titrations 
were performed with carbonate-free KOH solution (0.20 M). The exact concentrations of 
HCl, HNO3 and KOH solutions were determined by pH-potentiometric titrations. An Orion 
710A pH-meter equipped with a Metrohm combined electrode (type 6.0234.100) and a 
Metrohm 665 Dosimat burette were used for the pH-potentiometric measurements. The 
electrode system was calibrated to the pH = −log[H+] scale by means of blank titrations 
(strong acid vs. strong base: HCl/HNO3 vs. KOH), as suggested by Irving et al. [26]. The 
average water ionization constant, pKw, was determined as 13.76 ± 0.01 at 25.0 °C, I = 0.20 
M (KCl, KNO3), which corresponds well to the literature [27].
 The reproducibility of the 
titration points included in the calculations was within 0.005 pH. The pH-potentiometric 
titrations were performed in the pH range 2.0−11.5. The initial volume of the samples was 
10.0 mL. The ligand concentration was 2.0 mM and metal ion-to-ligand ratios of 1:1 to 1:3 
were used. The accepted fitting of the titration curves was always less than 10 L. Samples 
were degassed by bubbling purified argon through them for ca. 10 min prior to the 
measurements and it was also passed over the solutions during the titrations. 
  The computer program PSEQUAD [28] was utilized to establish the stoichiometry of 
the complexes and to calculate the overall stability constants. MpLqHr is defined for the 
general equilibrium pM + qL + rH  MpLqHr as (MpLqHr) = [MpLqHr]/[M]
p[L]q[H]r 
where M denotes the metal moiety [RuII(6-p-cymene)Z3] and L the completely deprotonated 
ligand. Literature log values of the various [RuII(6-p-cymene)(hydroxido)] complexes were 
used in the absence and presence of chloride ions [16,25] and compared to data collected in 
the course of the experiments described herein. In all calculations exclusively titration data 
were used from experiments in which no precipitate was visible in the reaction mixture. 
 
2.3. UV–Vis spectrophotometric and 1H NMR measurements 
 
A Hewlett Packard 8452A diode array spectrophotometer was used to record the UV-Vis 
spectra in the interval 200–800 nm. The path length was 1 cm. Protonation and stability 
constants and the individual spectra of the species were calculated with the computer program 
PSEQUAD [28]. The spectrophotometric titrations were performed on samples of the ligands 
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alone or with [RuII(6-p-cymene)Z3] over the pH range 2.0–11.5 at an ionic strength of 0.20 
M (KCl or KNO3) and at 25.0 ± 0.2 °C. The concentration of ligands was set constant at 0.12 
mM and the metal-to-ligand ratios were 1:1, 1:2 and 1:3. UV-Vis spectra of samples 
containing the [RuII(6-p-cymene)Z3] and the thioallomaltol were also recorded at various 
ratios (1:1.5−1:3) at constant concentration of the metal ion (0.04 mM) at pH 9.0 at an ionic 
strength of 0.20 M KCl under anaerobic conditions. 
UV-Vis measurements for [RuII(6-p-cymene)Z3]−hydroxythiopyr(id)one systems were 
carried out at 1:1 metal-to-ligand ratio by preparing individual samples in which KCl was 
partially or completely replaced by HCl and pH values varying in the range ca. 0.9–2.0 were 
calculated from the HCl content.  
1H NMR studies were carried out on a Bruker Ultrashield 500 Plus instrument. 4,4-
Dimethyl-4-silapentane-1-sulfonic acid was used as an internal NMR standard. The ligands 
were dissolved in a 10% (v/v) D2O/H2O mixture to yield a concentration of 2 mM and were 
titrated at 25 °C, at I = 0.20 M (KCl, KNO3) in absence or presence of [Ru
II(6-p-cymene)Z3] 
at 1:1, 1:2 and 1:3 metal-to-ligand ratios. Samples containing [RuII(6-p-cymene)Z3] and 
hydroxythiopyr(id)one ligands at various ratios (1:1−1:5) at constant concentration of the 
ligand (2 or 3 mM) at pH 3.0 and 9.0 were also measured. The 1H NMR spectra were 
recorded to study the H2O/Cl
− exchange processes in the [RuII(6-p-cymene)(L)Z] complexes 
for ethyl maltol at pH 3.0, for allomaltol at pH 5.5, and for the thioallomaltol at pH 2.1, 6.0 
and 9.0 in dependence of the Cl− concentration (4−500 mM). Protonation and stability 
constants were calculated with the computer program PSEQUAD [28]. 
 
2.4. DFT calculations 
 
The structure of complex [ML2] of thiomaltol was geometry-optimized to energy minimum 
convergence with Gaussian 09 [29], using restricted DFT. The non-local Becke three-
parameter hybrid functional (rB3LYP) method was applied [30-32] and a 6-31+G(d,p) basis 
set was employed for the geometry optimization and frequency analysis of non-metal atoms 
[33] and the quasi-relativistic Stuttgart/Dresden energy-consistent pseudo-potentials basis set 
(SDD-ECP) for the Ru center [34]. All models represent an energy minimum on the potential 
energy surface as confirmed by absence of imagery (negative) frequencies. The graphical 
representation was prepared with GaussView 5.0.8 [35]. 
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3. Results and discussion 
 
3.1. Proton dissociation processes of the ligands 
 
Recently, we reported the pKa values of allomaltol, thiomaltol and thioallomaltol (Chart 1, 
Tables 1,2) obtained under identical conditions (at 25 C, I = 0.20 M (KCl)) as used in this 
study [36] with the exception of ethyl maltol and thiodhp, and the values determined in the 
course of the current experiments are in good agreement to them. The proton dissociation 
constants of hydroxy(thio)pyr(id)ones can be attributed to the deprotonation of the hydroxyl 
functional group, whereas, in contrast to dhp, thiodhp (pKa = 9.46 at I = 0.2 M KCl, pKa = 
9.47 at I = 0.1 M KCl [37]) is not protonated in the pH range 2–11.5. This is most probably 
attributable to the unfavorable catechol-type tautomeric form [38] in the case of thiodhp [39]. 
The pKa of ethyl maltol determined by pH-potentiometric, UV-Vis spectrophotometric and 
1H 
NMR titrations (pKa = 8.54; Tables 1 and S1) was found to be slightly higher compared with 
maltol (pKa = 8.45) [16,36]. Similar to maltol, the deprotonation of ethyl maltol is 
accompanied by a characteristic shift of the lmax value from 276 nm ( = 7260 M
-1cm-1) to 
320 nm ( = 6850 M
-1cm-1). It is noteworthy that the sulfur-containing derivatives possess 
0.3-0.5 log units lower pKa values as compared with the corresponding reference compounds, 
while the deprotonation of the allo derivatives always takes place at a considerably lower pH 
range. Additionally, the thio ligands are significantly more lipophilic than the hydroxypyrone 
analogues [36]. 
Table 1     
 Table 2 
 
3.2. Solution equilibria of [RuII(6-p-cymene)Z3] complexes of hydroxypyrones 
 
The complex formation processes of ethyl maltol with [RuII(6-p-cymene)(H2O)3]
2+ were 
studied by pH-potentiometry, UV-Vis spectrophotometry and 1H NMR spectroscopy in the 
presence of 0.2 M KNO3. The hydrolytic equilibrium of the organometallic moiety was found 
to be fast and simple in the absence of chloride. The stability constant of the dinuclear 
hydrolysis product [Ru2(
6-p-cymene)2(OH)3]
+ was determined by pH-potentiometric and 
UV-Vis spectrophotometric titrations of [RuII(6-p-cymene)(H2O)3]
2+ (Table 1) as log (M2H-
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3) = -9.36(2) and -9.33(2), respectively, which are also in good agreement with data obtained 
by Buglyó et al. [25]. 
The complex formation with ethyl maltol starts already in the acidic pH range and the 
stability constant of the complex [RuII(6-p-cymene)(L)(H2O)]
+ (denoted [ML]+) was 
determined by pH-potentiometry and by UV-Vis spectrometry following the changes of the 
charge transfer (CT) bands, and the data are in good agreement with each other (Table 1). In 
this mono-ligand complex the bidentate (O,O) coordination mode of the ligand is the most 
feasible in solution, similarly to other hydroxypyrone compounds [6], as demonstrated also by 
single-crystal X-ray diffraction studies [40]. The chemical shifts of the protons of the ligand 
and the [RuII(6-p-cymene)] moiety being bound or free are clearly distinguishable in the 1H 
NMR spectra due to the slow exchange processes (t1/2(obs) > ~1 ms) with respect to the NMR 
time scale (Fig. 1). 
 
Fig. 1 
The spectral changes clearly show that two overlapping processes take place at pH > ~8.8, 
namely i) the formation of a mixed hydroxido species [RuII(6-p-cymene)(L)(OH)] resulting 
in a significant upfield shift of the peaks and ii) the dissociation of the complex [ML]+ 
according to equation (1).  
 
2 [Ru(6-p-cymene)(L)(H2O)]
+ + H2O  [Ru2(
6-p-cymene)2(OH)3]
+ + 2 L− + 3 H+ (1) 
 
The latter process was found to be relatively slow and could not accurately be followed by 
pH-potentiometry as the real equilibrium could not be reached during the time-scale of this 
method. The pKa value for the deprotonation of the species [ML]
+ was estimated on the basis 
of the pH-dependence of the signals of the CH(Ar) cymene protons in the 1H NMR spectra 
(Table 1; Fig. 1), which is similar to the value published previously [5]. 
Chloride ions are coordinative ligands for ruthenium(II) in aqueous solution, and 
therefore hydrolysis and complex formation of [RuII(6-p-cymene)(H2O)3]
2+ become more 
complicated in the presence of chloride ions. Various aqua, chlorido, hydroxido and mixed 
chlorido-hydroxido/aqua complexes are present at acidic pH ([Ru(6-p-cymene)(H2O)3]
2+, 
[Ru(6-p-cymene)(H2O)(Cl)]
+, [Ru2(
6-p-cymene)2(OH)nCl3-n]
+ where n = 0–3), whereas 
above pH ~6.5 the dinuclear complex [Ru2(
6-p-cymene)2(OH)3]
+ predominates [17]. It 
should be noted that chloride suppresses the hydrolysis and shifts it to the higher pH range. 
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The hydrolysis at 0.2 M KCl ionic strength can be described reasonably well with the 
formation of the dimeric species [Ru2(
6-p-cymene)2(OH)2Z2]
2+ and [Ru2(
6-p-
cymene)2(OH)3]
+ and their stability constants determined in this work by pH-potentiometry 
and UV-Vis spectrometry (Table 1) are in a good agreement with literature data [16,17].  
The complexation of ethyl maltol and allomaltol with [RuII(6-p-cymene)Z3] in the 
presence of chloride exhibits similarities as in the absence of chloride (vide supra), namely 
formation of [ML] and [MLH-1] was found; however some discrepancies were undoubtedly 
observed. First of all, the possible substitution of the aqua ligand by chlorido in the [RuII(6-
p-cymene)Z3] and [Ru
II(6-p-cymene)(L)Z] (= [ML]) species needs to be taken into 
consideration. Therefore, all the stability data determined in the presence of chloride are 
regarded as conditional stability constants and are valid only under the given conditions (0.2 
M KCl, T = 25 °C). On the other hand, chloride as a competitive ligand has effect on the 
stabilities as well. The overall stability constants of the species [ML] formed with ethyl maltol 
and allomaltol were determined by pH-potentiometry and by UV-Vis spectrophotometry 
based on the spectral changes (Table 1, Fig. 2). 
Fig. 2 
The pH-dependence of the 1H NMR spectra of the [RuII(6-p-cymene)Z3]–ethyl maltol and –
allomaltol systems was studied over a wide pH range and representative spectra are shown in 
Fig. 3. The formation of a complex [ML] can be recognized already at pH ~2, however its 
molar fraction is significantly lower in the presence of chloride than in its absence (c.f. Fig. 
1), indicating somewhat lower stabilities in this milieu. 
Fig. 3 
Due to the well-separated 1H NMR signals of the protons belonging to the bound and non-
bound ligand and p-cymene, the integrated areas of the corresponding peaks can be calculated 
and converted to molar fractions. Molar fractions were also calculated under the same 
conditions based on the stability constants obtained by pH-potentiometry (see Fig. 4 for 
allomaltol). A good correlation between the data of the two methods was observed when 
collected at pH < 8, whereas under more basic conditions deviations were observed. Most 
probably the system was not in an equilibrium state during the pH-potentiometric titrations in 
the basic pH range due to the slow dissociation of the complex [ML]. However, it was found 
that the hydrolysis of the species [ML] starts at somewhat lower pH than the complex 
dissociation in the case of ethyl maltol, which allowed the calculation of the stability constant 
of [MLH-1] based on pH-potentiometry data. Furthermore, pKa values for the species [ML] of 
10 
allomaltol and ethyl maltol were also estimated based on the shift of the CH(Ar) p-cymene 
proton signals in 1H NMR spectra (Table 1). 
Fig. 4 
Formation of bis-ligand complexes could be undoubtedly excluded via recording the 
pH-dependence of the 1H NMR spectra at ligand excess (at M:L = 1:2). These spectra (not 
shown) consist of peaks, which could be assigned persuasively to the species which are 
present at the titrations of samples with 1:1 metal-to-ligand ratio. 
Direct comparison of the cumulative stability constants of the complexes [ML] of 
ethyl maltol and allomaltol (Table 1) with that of maltol [17] reveals the following order: 
allomaltol < ethyl maltol < maltol. In order to take into consideration the different basicities 
of the ligands the log values were corrected according to the competition reaction equations 
(2; Z = H2O or Cl
−) and (3). 
 
[RuII(6-p-cymene)Z3]  + HL  [Ru
II(6-p-cymene)(L)Z] + H+ + 2 Z   (2) 
logK* = logβ [RuII(6-p-cymene)(L)Z] – pKa(HL)     (3) 
 
LogK* values of 0.60, 0.45 and 0.38 were obtained for maltol, ethyl maltol and allomaltol, 
respectively, demonstrating that the position of the ring methyl group has a distinct influence 
on the speciation. However, the complex of the allomaltol derivative is somewhat less stable 
than its GaIII complexes [36]. On the other hand, the exchange of the methyl group of maltol 
to ethyl also results in a small decrease in stability, although these differences are minor. It 
should also be noted that the stability of complexes formed with 3,4-hydroxypyridones (such 
as 3-hydroxy-1,2-dimethyl-pyridone (deferiprone) is higher than with these hydroxypyrones 
[17], which in turn are more stable than with 3-hydroxy-2-pyridone ligands [41] compared. 
The increased stability of deferiprone complexes is related to its coordination in the 
chatecolate-type tautomeric form, where the ring is aromatic and the nitrogen is (at least 
partly) positively charged. 
In [RuII(6-p-cymene)(L)(H2O)]
+ the third coordination site is most probably occupied 
by a water molecule in the absence of chloride, although it can be partially (or completely) 
displaced by a chlorido ligand in KCl-containing milieu or vice versa the chlorido complex 
may undergo aquation after dissolution. As a fast equilibrium occurs between the complex 
with chlorido or aqua ligands (no separated signals in 1H NMR spectra), the extent of Cl−/H2O 
exchange cannot be judged from NMR spectra recorded at a particular chloride concentration. 
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Therefore, spectral changes of the [RuII(6-p-cymene)(L)(H2O)]
+ were followed by 1H NMR 
spectroscopy at various chloride concentrations at pH 3.5 and 5.5, at which the species [ML] 
predominate in case of ethyl maltol and allomaltol, respectively. A small, but well-defined 
shift of the NMR signals was observed related to the coordination of Cl− to the Ru center. 
Based on the changes of chemical shifts, the stepwise stability constants could be estimated 
for the H2O/Cl
− co-ligand exchange equilibria (Fig. S1, Table 1). According to these data 
about 36% and 52% of the ethylmaltol complex [ML] are chlorinated at 0.1 and 0.2 M 
chloride concentrations, respectively, while for allomaltol approximately 44% and 61% of the 
chlorido species were found at the pH values studied.   
 
3.3. Solution equilibria of [RuII(6-p-cymene)Z3] complexes of hydroxythiopyr(id)ones 
 
The complex formation processes of thiomaltol, thioallomaltol and thiodhp (Chart 1) with 
[RuII(6-p-cymene)Z3] were studied by a combined approach of pH-potentiometry, 
1H NMR 
and UV-Vis spectrophotometry in aqueous solution in the presence of 0.2 M chloride. Since 
hydroxythiopyr(id)ones can undergo oxidation, anaerobic conditions were used for the 
measurements. 
The pH-potentiometric titration curves recorded at 1:1 metal-to-ligand ratio show the 
complete proton displacement by the metal ion already at the starting pH value (i.e. pH 2), 
which hampers the determination of the stability constant of the mono-ligand complex formed 
under these conditions (see Chart 2). It was also observed that a slow process starts resulting 
in proton liberation at pH > ~6 (with the exception of the thiodhp system), which finally leads 
to the appearance of precipitate. In addition, UV-Vis spectra of the [RuII(6-p-cymene)Z3]–
hydroxythiopyr(id)one systems at 1:1 metal-to-ligand ratio were recorded in the pH range 2.0-
11.5, and complemented by studies with samples, in which the KCl was partially or 
completely replaced by HCl to maintain the ionic strength constant in the pH range 0.9–2.0 
(Fig. 5). 
Fig. 5 
The spectra recorded in the pH 0.9-6.0 range were found to be identical, but are 
unambiguously different to the spectra of the metal-free ligand or the non-bound RuII(6-p-
cymene) moiety. This finding strongly suggests the formation of one kind of species, most 
probably complex [ML]; however its stability constant cannot be calculated, since it 
predominates at pH 0.9-6.0 and no complex dissociation seems to take place by decreasing 
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the pH. Therefore, only a threshold limit could be estimated for the log of complex [ML] 
(Table 2). At the same time, the character of the UV-Vis spectra changes at pH > 6 and a 
significant decrease of the absorbance is observed in the 230-530 nm wavelength range. The 
1H NMR spectra measured at 1:1 metal-to-ligand ratio at various pH values show the same 
picture about the speciation, namely only one kind of complex predominates in the acidic pH 
range (Fig. S2); though the intensity of the signal is strongly diminished at pH > ~5.5. Most 
probably the species [ML, L = thiomaltol or allothiomaltol] starts to hydrolyze via the 
formation of poorly water-soluble ternary hydroxido oligomers or polymers, unlike in the case 
of the ligands with (O,O) donor atoms (vide supra). In contrast, no hydrolysis or precipitation 
processes were observed with thiodhp. Its complex [ML] predominates practically in the 
whole pH range as the 1H-NMR spectra are identical at pH 2.0 and pH 10.5. 
The speciation in the [RuII(6-p-cymene)Z3]–hydroxythiopyr(id)one systems was 
found to be different and more complicated at ligand excess. The pH-potentiometric titrations 
clearly showed that an excess of ligand is able to protect the metal ion against the hydrolysis 
up to pH 10. Careful analysis of the 1H NMR spectra recorded at various metal-to-ligand 
ratios reveals in all cases formation of bis-ligand complexes besides the respective species 
[ML]. Representative spectra are shown for the [RuII(6-p-cymene)Z3]–thioallomaltol system 
at pH 3.0 in Figure 6 (Fig. S3 for thiomaltol). 
Fig. 6 
The exclusive formation of [ML] is seen at 1:1 ratio (c.f. Fig. S2). A new set of peaks was 
detected at higher ppm values compared with those of species [ML] when the ligand excess is 
increased and their position is unchanged up to ca. 1:2 metal-to-ligand ratio. Then they start to 
broaden and shift to the direction of the peaks of the metal-free ligand. On the other hand, the 
peaks belonging originally to [ML] become broader and are upfield shifted, and their 
positions remain constant at higher than M: L = 1:2 ratio ligand excess. These observations 
can be explained by the possible formation of a bis-ligand complex, in which one of the 
ligands is coordinated through the (O,S) donor set, but the other one binds in a monodentate 
manner via the thione-sulfur to the third available coordination site (3 coordination sites in 
pseudo octahedral piano-stool compounds are occupied by π-bonded p-cymene; Chart 2). Bis-
ligand complex of 2-pyridinethiol formed with [RuII(6-C6Me6)] at ligand excess also 
represents the bidentate (Npyr,thiol-S) and monodenate (thiol-S) coordination of the ligands 
[42].  
Chart 2 
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The most probable composition of this complex is [ML2H] at pH 3.0. The ligands 
coordinating in a bidentate mode in the species [ML] and [ML2H] are in a fast exchange with 
respect to the NMR time scale resulting in signal broadening. However, the peaks become 
sharp at ligand excess (metal : ligand > 1:2) leading to the formation of [ML2H] over [ML]. 
The protonated ligands coordinating monodentately in [ML2H] and the metal-free ligand (HL) 
are also in a fast exchange at a ratio higher than ~1:2, when the non-bound HL becomes 
detectable. The same behavior was observed for thiomaltol (Fig. S3). The speciation model is 
the same as for thiodhp, although the ligand exchange rates are slower. The peaks for the 
chelating ligand in the species [ML] and [ML2H] are distinct and sharp. However, a broad 
signal set represents that the free ligand and the ligand in [ML2H] coordinated in the 
monodentate way are in fast exchange with respect to the 1H NMR time scale. Equilibrium 
constants for the [ML] + HL  [ML2H] process were calculated on basis of the spectral 
changes of the ligand coordinating in the bidentate mode (Fig. 7a; Table 2). 
Fig. 7 
Molar fractions of [ML] and [ML2H] calculated from the chemical shifts are shown in Fig. 7b 
with the concentration distribution curves obtained with the help of the constants determined. 
The [ML2H] species can be deprotonated at higher pH values resulting in the formation of 
[ML2] (Chart 2) and the pK value of [ML2H] was also calculated based on 
1H NMR titrations 
at 1:2 metal-to-ligand ratios (Table 2). The structure of the species [ML2] of thiomaltol was 
geometry-optimized to energy minimum convergence by DFT calculation at B3LYP level 
(Chart S1). The RuII–S distances were at 2.41 and 2.46 Å for the bidentately- and 
monodentately-bound thiomaltolato ligands. This is slightly longer than found for RuII–S 
bonds as determined in single crystal X-ray diffraction analyses [21,42,43]. The C–S bond for 
the chelating ligand was found at 1.70 Å, while the second monodentately bound thiomaltol 
ligand featured a slightly longer C–S distance at 1.74 Å. In related molecular structures of 
RuII(arene) complexes, similar values were found for C–S bond lengths [21,42,43]. 
1H NMR spectra were recorded at various metal-to-ligand ratios at pH 9.0 and the total 
concentration of the hydroxythiopyrone ligands was kept constant (Figs. S4 and S5). Under 
these conditions some differences between the thiomaltol and thioallomaltol systems were 
observed. When increasing the ligand excess to greater than two-fold a higher fraction of 
thioallomaltol is detected as the metal-free ligand and a lower fraction as the complex [ML2] 
(Fig. S4). However, a new set of signals appears in the spectra of samples containing 
thiomaltol suggesting the possible formation of a new kind of species and notably the same 
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peaks appeared in the pH-dependent spectra of samples with 1:3 metal-to-ligand ratio at pH > 
8 (Fig. S6). 
The pK values of species [ML2H] were determined from the pH-potentiometric data 
besides 1H NMR spectroscopy experiments (Table 2). Involvement of a tris-ligand complex 
[ML3] into the speciation model significantly increased the fit between the calculated and 
measured titration curves in the case of thiomaltol. In the proposed structure of the thiomaltol 
complex [ML3], all ligands bind in a monodentate mode (Chart 2). Similarly, tris-ligand 
complex of [RuII(6-C6Me6)] formed with 4-mercaptopyridine was isolated though being not 
able to act as chelating ligands but showing the monodentate coordination of thiolato-sulfur 
donor atoms in the molecular structure [42]. In order to confirm the absence of 
thioallomaltolato [ML3] species, UV-Vis spectra were recorded at various metal-to-ligand 
ratios at pH 9.0 (Fig. S7). The addition of thioallomaltol up to a 1:2 metal-to-ligand ratio 
results in a blue shift of the lmax, while further addition increases merely the absorbance 
values proportionally by the absorbance of the metal-free ligand. Therefore, the change of the 
absorbance at the lmax shows a linear dependence from the increasing ligand concentration at 
M:L > 2, and the slope is similar to the molar absorptivity of the ligand, indicating that no 
additional species are formed in the system. 
In addition, the water/Cl− co-ligand exchange process was studied for the [RuII(6-p-
cymene)(L)(H2O)]
+ complex of thioallomaltol by 1H NMR spectroscopy at pH 3. Similarly to 
the findings of the hydroxypyrone ligands (see Section 3.2), the equilibrium constant could be 
determined via the spectral changes and a quite similar logK’ (H2O/Cl
−) of 0.71(1) was 
obtained. 
 
4. Conclusions 
 
The speciation of ruthenium(II)-6-p-cymene complexes of various hydroxy(thio)pyr(id)one 
ligands was characterized in aqueous solution via a combined approach using pH-
potentiometry, 1H NMR spectroscopy and UV-Vis spectrophotometry. Significant differences 
in the complexation properties of the (O,O) donor hydroxypyrone and (O,S) 
hydroxythiopyr(id)one ligands were observed with regard to the type and stabilities of the 
complexes formed. Hydroxypyrones form exclusively mono-ligand complexes with moderate 
stability in which the ligands coordinate in a bidentate fashion. Hydrolysis of these complexes 
result in the formation of the neutral mixed-hydroxido species [RuII(6-p-cymene)(L)(OH)] in 
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the basic pH range. However, remarkable decomposition of the complex with a slow reaction 
rate was also found in the same pH range leading to the formation of the dinuclear 
trihydroxido-bridged species [Ru2(
6-p-cymene)2(OH)3]
+. The hydroxythiopyr(id)one ligands 
form mono-ligand complexes of outstandingly high stability, which predominate in the acidic 
pH range. These complexes are much more cytotoxic than those of hydroxypyrones and the 
prominent difference in their stabilities can be related with the divergent bioactivity. The 
hydrolysis of hydroxythiopyr(id)one complexes (with the exception of thiodhp) at pH > 6 was 
found to be more complicated most probably due to the formation of poorly water soluble 
mixed hydroxido oligomers. These ligands are able to form bis-ligand complexes when added 
in excess. Under these conditions one of the ligands coordinates via the usual (O,S) mode and 
the other one binds in a monodentate fashion through the thione-sulfur. The [ML2H]-type bis-
complexes predominate at the acidic pH range and consist of the protonated ligand as the 
monodendate binder, while a species [ML2] is formed via the deprotonation of this ligand 
with increasing pH. In the case of thiomaltol, formation of the tris-complex [ML3] with 
ligands coordinating in a monodenate mode was also found at pH > 8. Thus, the monodenate 
coordination of endogenous bioligands such as the cysteine moiety of a protein should also be 
feasible in a biological environment. 
In general the aquation of complexes of the type [RuII(6-p-cymene)(L)Cl] has a 
strong impact on the bioactivity. Therefore the Cl−/H2O co-ligand exchange processes were 
also studied and quite similar equilibrium constants were found for the RuII complexes of 
hydroxy(thio)pyr(id)ones. It is estimated that, e.g., in the complex of ethyl maltol ~64% of the 
chlorido ligand is already replaced by a water molecule at 0.1 M chloride concentration of the 
blood serum, and the level of aquation should increase in the intracellular fluid with its lower 
chloride concentration.  
 
5. Abbreviations 
allomaltol  5-hydroxy-2-methyl-4H-pyran-4-one 
CT   charge transfer 
deferiprone   3-hydroxy-1,2-dimethyl-pyridone  
dhp   3-hydroxy-1,2-dimethyl-pyridone 
ethyl maltol  2-ethyl-3-hydroxy-4-pyranone 
maltol   3-hydroxy-2-methyl-4H-pyran-4-one 
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thioallomaltol  5-hydroxy-2-methyl-4-thiopyrone 
thiodhp  3-hydroxy-1,2-dimethyl-thiopyridone 
thiomaltol  3-hydroxy-2-methyl-4-thiopyrone 
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Legends to Figures/Charts  
 
Chart 1 Chemical structures of the hydroxy(thio)pyr(id)one ligands 
 
Chart 2 Proposed structures of the various complexes formed in the [RuII(6-p-cymene)Z3]–
thiomaltol system (Z = H2O or Cl
−) 
 
Fig. 1 Low-field regions of the 1H NMR spectra recorded for the [RuII(6-p-
cymene)(H2O)3]
2+−ethyl maltol system at the indicated pH values (cL = 1 mM; M:L = 1:1; T = 
25.0 °C; I = 0.20 M (KNO3); 10% D2O). The inset shows the 
1H NMR chemical shifts of the 
CH(Ar) peaks of the p-cymene moiety in the [RuII(6-p-cymene)(L)H2O]
+ complex together 
with the fitted curves (continuous lines) in dependence of pH.   
 
Fig. 2 UV-Vis absorbance spectra of the [RuII(6-p-cymene)Z3]–ethyl maltol system recorded 
in the pH range of 1.9−11.5 (cL = 0.1 mM; M:L = 1:1; T = 25.0 °C; I = 0.20 M (KCl)). The 
inset shows the pH-dependence of the absorbance values at 326 nm. 
 
Fig. 3 High-field regions of the 1H NMR spectra recorded for the [RuII(6-p-
cymene)Z3]−allomaltol system at the indicated pH values (cM = 2.1 mM; M:L = 1:1.2; T = 
25.0 °C; I = 0.20 M (KCl); 10% D2O).  
 
Fig. 4 Bound (●) and free organometallic fragment (×) fractions for the [RuII(6-p-
cymene)Z3]–allomaltol system calculated on basis of the 
1H NMR peak integrals of the singlet 
CH3 and iPr-CH3 (p-cymene moiety) protons and the stability constant of the species [ML] 
(solid lines) (cM = 2.1 mM; M:L = 1:1.2; T = 25.0 °C, I = 0.20 M (KCl)). 
 
Fig. 5 UV-Vis absorbance spectra of the [RuII(6-p-cymene)Z3]–thioallomaltol system 
recorded in the pH range 0.9−11.0 (cL = 0.06 mM; M:L = 1:1; T = 25.0 °C; I = 0.20 M 
(KCl/HCl) and spectra of the ligand (grey dashed line) and the metal moiety(grey line) alone 
for comparison at pH 2.1. The inset shows the pH-dependence of the absorbance values at 
426 nm. 
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Fig. 6 Low- (a) and high-field (b) regions of the 1H NMR spectra recorded for the [RuII(6-p-
cymene)Z3]−thioallomaltol system at the indicated metal-to-ligand ratios at pH 3.0 (cL = 2.5 
mM; T = 25.0 °C; I = 0.20 M (KCl); 10% D2O). Symbols: i) singlet CH3 protons of the p-
cymene moiety ♣: non-bound metal fragment and ♣: bound metal fragment; ii) CH3 protons 
of the ligand ♦: ligand bound via (O,S), ◊: ligand bound via (S) and non-bound ligand ♦: non-
bound ligand alone; iii) CH(3) protons of the ligand ●: ligand bound via (O,S), ○: ligand 
bound via (S) and non-bound ligand ●: non-bound ligand alone; iv) CH(6) protons of the 
ligand ■: ligand bound via (O,S), □: ligand bound via (S) and non-bound ligand ■: non-bound 
ligand alone.   
 
Fig. 7 (a) Chemical shifts of the CH(6) (■) and CH(3) (●) protons of the ligand recorded for 
the [RuII(6-p-cymene)Z3]−thioallomaltol system at various metal-to-ligand ratios (pH 3.0; cL 
= 2 mM; T = 25.0 °C; I = 0.20 M (KCl); 10% D2O); (b) Concentration distribution curves for 
the same system calculated on basis of the chemical shifts of the CH(6), CH(3) and CH3 
protons (ML: ◊, ML2H: ×) together with the fitted curves (dashed lines).      
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Table 1 
Proton dissociation constants (pKa) of the hydroxypyrone ligands; overall (log (MpLqHr)), 
stepwise and derived stability constants of their [RuII(6-p-cymene)] complexes (T = 25 C; I = 
0.20 M (KCl)).a 
 
 
ethyl 
maltolb ethyl maltol allomaltol 
p
H
-m
et
ry
 
pKa 8.54(1) 8.50(1) 7.97
c 
log  (ML) 10.07(1)
 8.95(1) 8.35(1) 
log  (MLH-1) − -0.53(4) − 
pK (ML) =   
log  (ML) - log  (MLH-1) 
− 9.48 − 
U
V
-V
is
 
log  (ML) 10.07(2) 9.01(2) 8.46(3) 
log  (MLH-1) − -0.49(2) − 
pK (ML) 
log  (ML) - log  (MLH-1) 
− 9.50 − 
1 H
 N
M
R
 pK (ML) 9.31(1) 9.50(4) 9.32(2) 
logK’ (H2O/Cl
−)d − 0.74(2) 0.90(2) 
a Uncertainties (SD) are shown in parentheses for the species described in this work. 
Hydrolysis products of the organometallic moiety: log [Ru2(
6-p-cymene)2H−2]
2+ = 
−6.97(2) by pH-potentiometry, −7.02(5) by UV-Vis and log [(Ru2(
6-p-
cymene)2H−3]
+ = −11.97(1) by pH-potentiometry, −11.68(6) by UV-Vis spectroscopy. 
b Determined at I = 0.20 M (KNO3). Hydrolysis products: log [(Ru2(
6-p-
cymene)2H−3]
+ = −9.36(2) by pH-potentiometry and −9.33(2) by UV-Vis 
spectroscopy. 
c Data taken from Ref. 36. 
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d [RuII(6-p-cymene)(L)(H2O)]
+ + Cl−  [RuII(6-p-cymene)(L)(Cl)] + H2O 
determined at various total chloride concentrations 
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Table 2 
Proton dissociation constants (pKa) of the hydroxythiopyr(id)one ligands; stepwise (log and 
derived stability constants of their [RuII(6-p-cymene)Z3] complexes (T = 25 C; I = 0.20 M 
(KCl)).a 
  thiomaltol thioallomaltol thiodhp 
p
H
-m
et
ry
 
pKa 8.06
b 7.64b 9.46(1) 
log  (ML + L = ML2)
c 6.93(2)c 7.12(4)c 4.36(3)c 
log  (ML2 +L = ML3) 3.2(1) − − 
pKa (ML2H) 5.68(1) 5.73(4) 8,29(3) 
U
V
-V
is
 
log  (ML) >14.0d >13.4d >13.4d 
1 H
 N
M
R
 
log  (ML + LH = ML2H) 4.54(5) 5.16(1) 3.2(2) 
pKa (ML2H) 6.04(1) 5.7(1) 8.47(1) 
log  (ML + L = ML2)
c 6.56(5) 7.1(1) 4.2(2) 
a Uncertainties (SD) are shown in parentheses for the species characterized in this 
work. Hydrolysis products of the metal ion and their stability constants are given in 
Table 1. 
b Data taken from Ref. 36. 
c The equilibrium constants were calculated from the pKa of the ligand, log  (ML 
+ LH  ML2H) and the pKa of ML2H. 
d Minimal value estimated from the UV-Vis spectrum recorded at pH 0.9 (cL = 100 
M; M:L = 1:1)  
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Y
X
OH
R1R2
X = O; Y = O; R1 = CH2-CH3; R2 = H ethyl maltol
X = O; Y = O; R1 = H; R2 = CH3 allomaltol
X = S; Y = O; R1 = CH3; R2 = H thiomaltol
X = S; Y = O;R1 = H; R2 = CH3 thioallomaltol
X = S; Y = N-CH3; R1 = CH3; R2 = H thiodhp   
Chart 1  
 
[ML]+/o                           [ML2H]+
[ML2] [ML3]-
RuII
H2O /
-Cl
O
S
O
RuII
O
S
O
O
S
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